Although large-scale MIMO can offer a high spectral efficie ncy, there are a number of difficulties in its implementation. Among those, the computational complexity of MIMO detection is crucial and may limit its use at devices of limited computing power such as users' mobile devices. Random sampling for large-scale MIMO detection of low complexity were studied. In particular, a MMSE approach for random sampling, was for mulated from which an iterative detector can be derived for better performances.
Introduction
Large-scale or massive MIMO (Multiple-Input Multiple-Output) has been considered to increase the spectral efficiency for next generation wireless systems [1, 2] . In most cases, large-scale MIMO systems are considered for BSs (Base Stations). As the carrier frequency increases, the spatial correlation can be lower for a fixed antenna spacing. Thus, the physical size of antenna arrays may not be a critical issue in largescale MIMO systems of high carrier frequencies. This means that large-scale MIMO systems can also be used for mobile terminals and vehicles.
Although a high spectral efficiency can be achieved, there are various problems in large-scale MIMO systems. Among those, implementation difficulties in terms of computational complexity and hardware cost would be the main obstacles in building large-scale MIMO systems. In particular, the joint signal detection in large-scale MIMO becomes computationally infeasible as the complexity grows exponentially with the number of transmit antennas. Therefore, there have been a number of approaches for low-complexity MIMO detection methods.
Linear detectors can be considered as they have low computational complexities [3, 4] . It is also possible to formulate the MIMO detection problem as a convex optimization problem and use SDR (Semi Definite Relaxation) to find an approximate solution to the ML(Maximum Likelihood) detection problem [5] .
Lattice basis reduction has been applied to MIMO detection [4, 6, 7] .
(Zero-Forcing) and MMSE(Minimum Mean Squared E rror ) detectors, have poor performances (especially, at high SNR(Signal-to-Noise Ratio)). The complexity of lattice basis reduction is prohibitively high when the number of transmit antennas is large. SDR approximation also has a similar complexity problem for large-scale MIMO.
In this paper, we consider an approach that can provide better performances than linear detectors using random sampling. This approach is not only -tectors), but also easy to perform iterations for better performances using the MMSE formulation.
The rest of the paper is organized as follows. A system model for the MIMO detection is presented in 
System model
Suppose that a transmitter is equipped with K antennas and a receiver is equipped with N antennas. [4] .
List detection using random sampling
An optimal detection can be carried out using the ML criterion. That is,
where f (r|s) is the likelihood function of s for given 
MMSE-based random sampling for iterative detection for large-scale MIMO systems
If we consider the SIC (Successive Interference Cancellation) approach for detection [4] , it follows where Round(x) is the round operation to convert
x into an integer. This rounding operation can be replaced by a randomized rounding operation that is associated with a certain distribution in order to generate a list of candidate symbol vectors. Define the following distribution, which is a Gaussian-like distribution:
where ȥ > 0 a parameter that decides the degree of randomness and With the distribution in Eq. (5), the randomized randRound ȥ (x) = q, with probability Pr(Q=q; x), qZ 7
The randomized rounding becomes the deterministic rounding if ȥ approaches . Using the randomized rounding, the randomized SIC detection is given by (8) where
tection is computationally infeasible for a large K.
We slightly modify the ML detection in Eq. (3) as (4) The signal space, + In Refs. [8, 9] , MCMC (Markov chain Monte Carlo) algorithms [10] are considered to build a list from random sampling. However, this approach has a drawit requires a long burn-in time or a number of iterations. This makes MCMC algorithms less attractive if the receiver has limited computing power such as mobile terminals.
As an alternative, we can consider the approach proposed in Ref. [11] for random sampling to build a list, which has been used for MIMO detection in
Refs. [12, 13] with lattice basis reduction. However, since the complexity of lattice basis reduction can be prohibitively high for a large number of transmit antennas [14] , K, this approach may not be suitable for may not be applicable to the case where N < K (overloaded systems). In addition, no prior information can be incorporated, which is important to derive an iterative approach. In the next section, we modify the ZF-based detector with random sampling using the MMSE formulation to overcome the above difficul-ties.
MMSE approach with gaussian approximation
In this section, we employ the MMSE formulation to modify the ZF-based detector with random sampling.
This formulation allows to derive an iterative detection method.
Suppose that the a priori distribution of s is availa- 
We can derive the conditional probability density function (pdf) of s for given r as follows:
where (13) Thus, the a posteriori pdf of s is given by (14) We now want to draw samples from Pr(s|r).
Consider the Cholesky factorization of C 1 as It is noteworthy that the inverse of C in Eq.
.
can be found easily. Using the matrix inversion lemma, we have 
Performance analysis
In this section, we consider the performance of the MMSE-based detector with random sampling with the decoding radius.
The squared decoding radius [12] can be found as
We have the following result. Consequently, we can observe that the performance unless good prior information is provided. In order to improve the performance further, the iterative detection method can be employed as better prior information can be exploited through iterations. 
Conclusion
In this paper, we studied list detection using random sampling. By adopting the MMSE formulation, it was 
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possible to derive an iterative detector, which can improve the performance by iterations as better prior information could be available. It was shown that the resulting detector has better performance than a linear detector (i.e., the MMSE detector). Furthermore, since it was based on the MMSE formulation, it can be used for overloaded systems (i.e., more transmit antennas than receive antennas).
